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Abstract 
Cell seeding of 3D scaffolds is a critical step in tissue engineering since the final tissue 
properties are related to the initial cell distribution and density within the scaffold unit. 
Perfusion systems can transport cells to the scaffold however; the fact that cells flow inside 
the scaffold pores does not guarantee cell deposition onto the scaffold substrate and cell 
attachment. The aim of this study was to investigate how fluid flow conditions modulate cell 
motion and deposition during perfusion. For such a purpose, a multiphase-based 
computational fluid dynamics (CFD) model was developed in conjunction with particle 
tracking velocimetry experiments (PTV) which for the first time were applied to observe cell 
seeding inside a 3D scaffold. CFD and PTV results showed the strong effect of gravity for 
lower flow rates leading to cell sedimentation and poor transport of cells to the scaffold. 
Higher flow rates help overcome the effect of gravity so more cells travelling inside the 
scaffold were found. Nonetheless, fluid flow drags cells along the fluid streamlines without 
intercepting the scaffold substrate. As a consequence, if cells do not deposit into the 
scaffold substrate, cell adhesion cannot occur. Therefore, cell-scaffold interception should 
be promoted and the present computational model which predicts the effect of gravity and 
fluid drag on cells trajectories could serve to optimise bioreactors and enhance cell seeding 
efficiency. 
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Introduction 
Tissue growth and functionality in 3D scaffolds are strongly related to the initial spatial 
distribution and density of cells. It is crucial to achieve homogeneous cell distribution during 
cell seeding so that uniform tissue growth can be expected [1]. Furthermore, maximum cell 
seeding efficiency is essential since donor cells are limited. Moreover, sufficient cell density 
in the scaffold unit is required to promote extracellular matrix formation and cell 
proliferation [2]. 
Traditional static methods for cell seeding such as manual pipetting, where gravity-driven 
cell deposition occurs, generally result in irregular cell density with higher number of cells at 
the outer part. In addition, there is a lack of cell viability since nutrients and oxygen do not 
always reach the centre of the 3D structure [3]. As an alternative, different dynamic flow 
strategies have been presented such as spinner flasks [4], wavy-walled bioreactors [5], 
rotating vessels [6], compression force-induced suction techniques [7] and perfusion 
systems [8]. Among all these hydrodynamic-based strategies, perfusion seems the most 
promising solution to enhance mass transfer homogeneously inside the scaffold in 
comparison with the other approaches [3,9,10]. However, the fact that cells penetrate in all 
scaffold regions during perfusion does not necessarily imply cell deposition on scaffold 
substrate. Cell deposition from suspension flow during perfusion is a complex mechanism 
that is not well understood yet. It can involve inertial impaction, interception, sedimentation 
and London-van der Waals forces [11]. 
Particle Tracking Velocimetry (PTV) methods have been applied to study cell motion in 
physiological fluids such as blood flow. These methods follow a similar principle to the µ-
particle image velocimetry (PIV) but instead cells are tracked individually in a Lagrangian 
manner along time and space. Lima et al. [12] used PTV in combination with confocal 
microscopy to analyse the dynamic flow behaviour of red blood cells (RBCs) in different 
channel depths by optical sectioning. They found an increase of lateral displacement of cells 
when moving away from the plane at the centre of the microchannel. Sugii et al. [13] 
explored blood rheology in microcirculation using a multiphase flow approach where two 
sets of colour filters obtain separate images from fluorescent labelled RBCs and tracer 
particles. Oshima and Oishi [14] followed a similar approach although, to obtain the motion 
of RBCs, the cell membrane was marked by attaching on the surface electrically fluorescent 
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could be captured as well as the velocity distribution of the corresponding surrounding flow. 
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investigated with PTV methods.  
On the other hand, computational methods have been used to study scaffold cell seeding 
under dynamic flow. Spencer et al. [15] developed a PCT-based scaffold model to predict 
the local fluid flow as well as transport of species and cell adhesion. However, cells were 
modelled as suspension concentrations being unable to predict individual cell behaviour. A 
multiphase approach was used by Adebiyi et al. [16] where cells, considered as particles, 
were tracked individually along time and space in a vacuum based bioreactor. Nevertheless, 
the scaffold microstructure was modelled as a continuous porous medium that obeys 
Darcy´s law. As a consequence, the actual scaffold microporosity was not considered and 
therefore realistic cell-scaffold interactions could not be investigated. A similar multiphase 
approach was applied by Olivares and Lacroix [17], but instead scaffold geometry was 
digitally reconstructed with P-Computed Tomography (CT) methods. A perfusion seeding 
system was simulated and good agreement in cell distribution inside the scaffold was found 
between computational and experimental results. Nevertheless, the influence of fluid flow 
conditions on cell motion and cell deposition onto scaffold substrate was not elucidated. In 
addition, it is noteworthy that none of these studies validated their predictions of cell 
motion dynamics with PTV experimental tests.  
The aim of the present study is to investigate how fluid flow conditions modulate cell 
motion and deposition during dynamic seeding. The understanding and prediction of cell 
transport to scaffold substrate under fluid flow is essential for the optimization of 
bioreactors and the enhancement of seeding efficiency. For such a purpose, a multiphase-
based CFD model is developed in conjunction with PTV experiments. A perfusion system is 
used to promote the transport of cells to the scaffold. In addition, a porous permeable 
scaffold with 100% interconnectivity is selected to enhance the delivery of cells inside the 
scaffold. To the authors ? knowledge, this is the first time that dynamic cell seeding is 
captured inside the scaffold by performing PTV experiments. Moreover, these experimental 
data are used to formulate the computational multiphase model intended to predict cell 
transport during seeding.  
Methods 
PTV methods 
Cell culture and labelling 
MG63 cells were cultured in T-flasks under standard culture conditions at 37 qC and 5% CO2 
in an atmosphere of 99 % humidity. The culture medium was compounded by DMEM 
(Dulbecco's Modified Eagle Medium, Sigma D5671) supplemented with 1 mM sodium 
pyruvate, 10 mM HEPES buffer, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM 
glutamine and 10% FBS (Fetal Bovine Serum). Media was refreshed every 48 hours and 
when confluency was reached, cells were trypsinized prior to the experiment. 
Cells were labelled with orange CMTMR fluorescent dye (Life Technologies) using 10 µM 
concentration in serum free medium. Cells were incubated for 45 min. Then, cells were 
centrifuged to remove the cell tracker working solution. Labelled cells were resuspended in 
culture media before the experiments. The final cell concentration for each experimental 
trial was 1u106 cells/mL. 
Scaffold 
A commercial Polycaprolactone scaffold from 3D Biotek (New Jersey, USA) was selected for 
this study (see Figure 1.a and b). The scaffold has a regular porous microstructure formed by 
layers of cylindrical fibres with 300 µm diameter and 300 µm distance between fibres. It has 
six layers with an offset of 90 degrees in the orientation of the fibres from layer-to-layer. In 
addition, there is a distance of 300 µm among alternative layers. The scaffold has a 
cylindrical shape with 5 mm diameter and 1.5 mm height. See more details about the 
scaffold design and manufacturing in Campos and Lacroix [18].  
Microfluidic system configuration 
The cylindrical scaffold was trimmed to fit inside a rectangular micro-channel to allow 
optical access inside porous microstructure during the PTV experiments. The micro-chamber 
was made of Polydimethylsiloxane (PDMS) with the following dimensions; 3x1x40 mm
3
. The 
depth of field of the tracking system permitted to focus the working plane within the first 
layer of pores that consisted of a series of vertical and horizontal fibres arranged in 3D (see 
Figure 1). The chamber was mounted on a surface glass by plasma-activated bonding.  
A syringe pump (Harvard Apparatus PhD 2000) was connected to the micro-chamber to 
infuse the cells suspended in media. A time dependent flow pattern using a programmable 
syringe pump (NE-500, New Era Pump Systems, Farmingdale, NY, US) was selected. At the 
beginning a 300 Pl/min flow rate was selected to carry cells to the scaffold to avoid cell 
sedimentation in the channel. Then, the flow rate was changed from 90 to 50 Pl/min every 
0.125 s. Above 50 Pl/min cells were maintained in suspension so that cells could be 
observed inside the scaffold. Below 90 PL/min the camera frame rate was able to track cells 
along time and space.  
Cell tracking procedure 
The microfluidic chamber was placed on top of an inverted Olympus IX71 microscope stage 
with 10X optics magnification. A Nd:YAG laser with 532 nm of wavelength  (TSI 
Incorporated, Minneapolis, USA) was used to excite the labelled cells in suspension. Single 
laser pulses were synchronised with a camera (Power View 4M, 2048 x 2048 pixels) to 
capture the reflected light from the cells in single frame images with a frequency of 14.5 Hz. 
Recorded images were imported to ImageJ where manual tracking was carried out using the 
plugin MTrackJ based on the bright centroid criteria.  
It is noteworthy that due to the optics and the size of the tracer particles, out-of-focus cells 
within a specific depth could contribute to the cell tracking. This depth is commonly known 
as depth of correlation (DOC) and for this setup it is ~50 µm which was calculated using 
equation 1 proposed by [19]: 
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where, magnification, M = 10; wavelength of the light emitted by the particles, ʄ= 0.532 
µm; diameter of the particles, dp= 10 µm; threshold value to determine the contribution of a 
particle to the measured velocity, ɸ = 0.01 and focal number, f# is calculated by [20]: 
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where no, refractive index = 1 and numerical aperture, NA = 0.3. 
Computational methods 
µCT-based mesh generation 
The trimmed scaffold was scanned using PCT (Skyscan1172, Materialise, Belgium) and 
digitally reconstructed with Simpleware (Synopsys, USA) (see details in Campos Marin et al. 
[21]). The micro-channel where the PCT-reconstructed scaffold was placed was generated 
using ICEM (ANSYS Inc., Canonsburg, PA, USA) as seen in Figure 1.c and d. The fluid domain 
was meshed with 4 million tetrahedral elements as explained in Campos Marin et al. [21]. 
Continuous phase modelling 
The fluid phase represented the culture medium which was considered as an incompressible 
Newtonian fluid with a viscosity of 0.001 Pa·s and a density of 1000 kg/m
3
. The fluid phase 
was solved by the continuity and Navier-Stokes momentum equations. Transient laminar 
flow was simulated with a time-dependent flow rate; during the first 10 s the inlet flow rate 
was 300 µl/min and then it changed periodically between 50 to 90 µl/min every 0.125 s 
during 5 s. Zero pressure outlet and no-slip wall condition were applied. 
Discrete phase modelling 
Cells were modelled as a discrete phase of inert microsphere particles with 10 Pm diameter. 
The discrete phase model of Fluent Ansys 15.0 tracks the particles along the previously 
calculated continuous phase in a Lagrangian formulation. Only one-way coupling was 
considered between both phases so the fluid phase could only affect the discrete phase. The 
trajectory of the discrete phase was calculated by integrating the force balance acting on 
the particle as shown in Equation 3 where the particle inertia is equal to the sum of the 
forces acting on the particle. 
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The first term on the right of equation 4 is the drag force where ɻis the fluid dynamic 
viscosity, ʌ is the fluid density, ʌp is the density of the particle, dp is the diameter of the 
particle , Re is the relative Reynolds number and Cd is an empirical drag coefficient factor for 
spherical particles [22]. The second term considers the effect due to the relative density 
between the discrete and the continuous phase. The density of cells was assumed to be 
greater than the density of the fluid phase, with a value of 1130 kg/m
3 
as suggested in the 
literature [23,24]. 
Stokes number (Stk) is a measurement of the tendency of a particle to deviate from the fluid 
streamline. Stk defines the ratio between the particle time scale versus the flow time scale 
as seen in equation 5: 
218
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where Dp is the diameter of the cell, Dobstacle is the fibre diameter and U is an average 
velocity of the fluid, thus Dobstacle /U defines the characteristic flow time. In this study Stk is 
<<1 which suggests that cells will follow the fluid streamlines. 
Cells were injected using the surface injection method at the beginning of the simulations 
when the flow rate was 300 µl/min. One cell was injected per mesh element face at the inlet 
boundary. The inlet face presents 1,000 surface elements so four injections were required 
to inject a total of 4,000 cells in the fluid domain. Cells were injected with zero initial 
velocity and they were trapped as soon as they intercepted any wall boundary in the model.  
Results 
Cell transport to the scaffold 
Below 50 µl/min no cells are observed travelling inside the scaffold. Cells deposit on the 
bottom of the channel due to sedimentation. Higher flow rates attenuate the effect of 
gravity and increase the transport of cells to the scaffold (see Figure 2). This was also found 
computationally as seen in Figure 3. In the computational model, 300 cells were injected at 
the inlet boundary and the same flow rates applied for the PTV were investigated. For 20 
µl/min, all cells sediment at the bottom of the channel before reaching the scaffold position; 
for 50 µl/min some cells reach the scaffold position and 264 cells sediment before reaching 
the outlet of the channel; for 90 µl/min more cells arrive to the scaffold position and 166 
cells sediment before the channel outlet; for 180 µl/min more cells than for 90 µl/min reach 
the scaffold and 78 cells sediment in the channel before the outlet boundary (see Table 1). 
Cell transport inside the scaffold (PTV) 
The manual tracking performed using the plugin MTrackJ from ImageJ shows that cells 
mainly follow fluid streamlines. No cell adhesion was observed. Fluid streamlines seem 
preferable channels for cells to travel inside the scaffold as seen in Figure 4; a repeated 
number of cells pass by the same fluid streamline. In term of cells velocity, it can be seen 
that in region 1 shown in Figure 5 the velocities of cells are lower and then they increase in 
region 2 where cells travel towards the first pore. In region 3, where the first pore is found, 
cells decrease their velocity and then they move either to the left pore or the right one. 
More cells travel to the right pore as this pore is bigger yielding an irregular distribution of 
cells during seeding. The measured velocities of cells in that region are between 50 and 100 
µm/s. However, this range of velocities differs significantly when moving to a different 
region inside the same scaffold with velocities up to 10 times higher (see Figure 6.a). 
Cell transport inside the scaffold (PTV vs. CFD) 
The CFD and PTV results agree on the fact that cells travel along the fluid streamlines inside 
the scaffold. In the computational model, only 3% of the cells injected intercept the scaffold 
substrate during the simulation; particles are either deposited on the channel due to 
sedimentation or travel through the scaffold without intercepting it following the fluid 
streamlines. Even though CFD results agree well with the PTV experiments on cell path, they 
do not agree in terms of velocity values. Velocity values found in the CFD simulations can be 
from two to ten times higher than the values found in the PTV experiments. However, the 
CFD results also capture the significant increment of cell velocities from region to region 
with values up to ten times higher (see Figure 6.b). 
Discussion 
Transport of cells to the scaffold 
Cells trajectory from the inlet of the channel to the scaffold entrance was found to be 
dependent on the inlet flow rate. Fluid drag becomes more dominant than gravity for higher 
flow rates which benefits the transport of cells to the scaffold. On the other hand, too low 
flow rates lead to cell sedimentation before arriving to the scaffold due to the strong effect 
of gravity. These findings show the key role of gravity during cell seeding and therefore it 
was included in the calculation of cells trajectory in the CFD model. In fact, cell density in the 
computational model was defined higher than the density of the culture media which was 
considered as water. Few studies in literature have attempted to measure the density of 
cells finding that values for cells such as human lung cancer cells (H1650), mouse 
lymphoblastic leukemia (L1210) or yeast cells are slightly higher than culture media (1000 
kg/m
3
) [23,24]. By accounting for this density difference between cells and culture media, 
the model could predict cell sedimentation with regard to the inlet flow rate selected. Both 
the experiments and the computational model agreed on the fact that for the micro-channel 
used in this study, flow rates below 50 PL/min are detrimental for maintaining cells in 
suspension and higher flow rates should be applied. However, too high flow rates could 
imply undesired shear stress which eventually could lead to the detachment of cells already 
adhered to the scaffold [25]. Moreover, excessive shear stress can induce integrin-initiated 
cytoskeletal deformation triggering unexpected cell response [26]. 
Transport of cells inside the scaffold 
Inside the scaffold, cells mainly followed the fluid streamlines as suggested by the Stk 
calculation. Cell-scaffold interception was not observed during the tracking experiments due 
to the streamlines which did not drag cells towards the scaffold substrate preventing cell 
adhesion. Fluid drag seems to be the main driving force on cell motion inside the scaffold for 
flow rates higher than 50 µl/min. Other physical factors such as van der Waals forces, 
Brownian motion or electrostatic forces seem hardly overcome the drag force and deviate 
cells from the fluid streamlines. However, a better insight into the interaction between the 
fluid flow and cell motion should be obtained by combining tracer particles and labelled 
cells in the working fluid simultaneously. Unfortunately, this strategy normally requires 
more than one filter to separate the fluorescence from labelled cells and tracer particles.  
It is noteworthy that experimental conditions were not the most suitable for cell attachment 
since the scaffold surface was not treated to promote cell adhesion. The experiments were 
not performed under controlled temperature and humidity conditions and no scaffold 
sterilization was performed. However, cells do not impact the fibres due to the strong effect 
of the fluid flow on cell motion and, in the absence of any cell-scaffold interception, no 
chemical signalling for cell adhesion would occur, even under the most adequate bio-
chemical seeding conditions. Nevertheless, a sensitivity analysis where the bio-chemical 
conditions are controlled would provide a deeper insight into the actual effect of the fluid 
drag force over other forces. In the computational model, cells were set to attach as soon as 
they impacted on the scaffold wall. This is not a realistic condition since a complex chain of 
events are involved in cell adhesion phenomena. However, if cells do not contact with the 
scaffold surface they will never adhere. So by knowing the number of cells that are 
intercepted on the scaffold wall in the computational model, the probability of cell 
attachment during experiments can be predicted.  
The CFD results agree with the PTV experiments on the fact that cells follow the fluid 
streamlines due to the strong effect of fluid drag. In fact, a low percentage of cells 
contacting the scaffold substrate was found in the computational model; cells were either 
lost in the channel due to sedimentation or mainly travelled through the scaffold without 
touching it. Moreover, both techniques captured 10 times higher velocities when moving 
from one region to another within the scaffold. Even though both methods agree that 
gravity and fluid drag are key modulators of cell transport during cell seeding, significant 
differences were found in terms of cell velocity magnitude. It is noteworthy that the DOC is 
100 Pm so cells moving perpendicular to the focus plane along that depth can be observed 
during cell tracking. Thus, out-of-place cells captured in the images can mislead cell velocity 
measurements since the observed cell path can be merely the projection of an out of plane 
trajectory. . This limitation could be addressed by using calibration methods for PTV 
applications such as the one presented by Winer et al. [27] where the particle z-position is 
correlated to its apparent diameter.  
Furthermore, the fact that a manual method for cell tracking was used could also contribute 
to the differences found between the velocities reported by PTV and CFD. However, the 
development of automatic tracking algorithms was out of the scope of this study. Pinho et 
al. [28] proposed an automatic method able to compute multiple trajectories in a time 
effective manner and compared it to the manual tracking method used in the present study 
and they did not find significant differences. Hence, manual tracking was considered 
accurate enough for the purpose of this study. Another reason for the disagreement 
between the PTV and CFD in terms of cells velocity magnitude can be the difficulty of 
recreating the exact geometrical boundary conditions in the CFD model. The real location of 
the scaffold due to manual fitting with respect to the channel walls is unknown and 
therefore it could be possible to find gaps which can potentially affect fluid dynamics inside 
the scaffold and cell motion. Larger gaps between the scaffold and the channel wall will 
have less resistance to flow than the scaffold pores so lower fluid and cell velocities could be 
expected inside the scaffold. It is noteworthy that the CFD model does not account for cell-
to-cell interactions. This effect becomes more significant when cell density increases so 
there is more probability of cell collision deviating cells from their path and reducing their 
velocity leading to cell sedimentation or cell impaction on scaffold. The volume fraction 
ratio of cells in the fluid domain selected for the CFD model was low enough that cell 
interactions could be neglected. However it could not be matched to the one of the PTV 
experiments due to an increase of computational cost when adding more cells in the model. 
Consequently, the high density of cells in the PTV experiments and therefore possible cell-
to-cell interactions could be another reason why cells velocity calculated in the PTV 
experiments is lower than in the CFD results. In addition to this, the initial spatial 
distribution of cells during the injection could affect cell collisions. In the experiments, all 
cells enter in the micro-channel from the tube where they are compacted and high level of 
cell-to-cell interactions is expected. On the other hand in the CFD, cells are evenly 
distributed at the inlet face during the injection process preventing cell collision.  
Nonetheless, more PTV experiments on the same scaffold are necessary to gain statistical 
significance. Unfortunately, the working fluid with labelled cells stained the scaffold which 
became too bright complicating thereby the optical cell tracking process. Despite this 
limitation, the findings of the present study elucidate the importance of the selection of the 
flow rate during seeding which influences the driving mechanisms: fluid drag and force due 
to gravity. Previous computational models for cell seeding did not consider the effect of 
gravity in cells trajectory [16,29]. Herein, it was shown that the inclusion of gravity leads to 
more realistic predictions where cell sedimentation and poor cell transport properties can 
be identified. The present computational model can help to design and optimise bioreactors 
to ensure cell transport to the scaffold. In addition, this study shows that different 
bioreactor configurations from perfusion should be proposed to promote cell-scaffold 
interception at the scaffold surface. For instance, the combination of perfusion with the 
rotation of the bioreactor or scaffold could enhance cell impaction onto the scaffold 
substrate [30]. This idea was implemented in the study of Melchels et al. [31] to analyse the 
seeding performance in a scaffold with regular pore network similar to the one used in the 
present study. A homogeneous cell distribution was found showing the benefit of this type 
of configuration for seeding. Another approach was followed by Papadimitropoulos et al. 
[32] who included a collagen network as filling material in a regular open scaffold to 
increase surface area. As a result, cell entrapment was increased in comparison to another 
scaffold sample where no collagen network was added. 
Conclusions 
The combination of regular permeable scaffolds with perfusion systems can enhance the 
transfer of cells inside the scaffold during seeding. However, this does not necessarily imply 
cell deposition on scaffold substrate and therefore cell adhesion. The aim of this study was 
to investigate the transport of cells inside a 3D scaffold during perfusion. To the authors ? 
knowledge, this is the first time that cell seeding is observed and quantified inside a 3D 
porous scaffold by performing PTV experiments. Furthermore, these data served to 
formulate and validate a CFD model for scaffold cell seeding. The CFD model predicted the 
dominant role of fluid drag in cell transport for higher flow rates whereas force due to 
gravity overcomes fluid drag for lower flow rates. Furthermore, strong fluid drag drives cells 
along fluid streamlines avoiding cell-scaffold interception and cell attachment. The 
interception of cells with the scaffold substrate should be promoted and the present 
computational model can help researchers design and optimise fluid-based bioreactors for 
such purpose. In spite of the good predictions of the computational model for the trajectory 
of cells, experiments using devices for tracking 3D displacements should be carried out to 
gain better insight into the cell transport phenomena and fully validate the CFD model.  
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Figures 
 
Figure 1 a) 3D CAD model of the 3D Biotek scaffold. b) Scaffold design specifications. c). CAD Micro-channel 
where the PCT-based trimmed scaffold (d) was placed. 
 Figure 2 Labelled cells observed in the focus plane located at the scaffold location under difference flow 
rates. 1) For 180 Pl/min, ~18 cells are observed. 2) For 90 Pl/min, ~8 cells are observed. 3) For 50 Pl/min, 4 
cells are observed. 4) For 20 Pl/min, no cells are observed. 
 
 
 
Figure 3 Blue lines represent the path of the cells injected to the micro-channel at the inlet under different 
flow rates. a) 20 Pl/min flow rate is applied and no cells reach the scaffold location. b) For 50 Pl/min some 
cells reach the scaffold location and also the outlet. c) 90 Pl/min flow rate brings more cells to the scaffold 
and the outlet. d) For 180 Pl/min cells trajectory is less affected by gravity than for the other flow rates 
leading to more cells crossing the scaffold and the outlet. 
 
Figure 4 a) Cells trajectories in the PTV experiment. Each cell track is represented with a different color. Cells 
path in the tracking experiments are similar to the fluid streamlines predicted with CFD (b). 
 
Figure 5 Cells trajectory in the PTV experiments. Each line represents one cell track where the white dots are 
the position of the cell along time. 1) Cells approach the horizontal fibre. 2) Cells travel towards the centre 
of the pore in the middle of the two vertical fibres. 3) Cells are in the centre of the pore and start deviating 
either towards the next left or right pore (4 and 5). 
 Figure 6 Cells path and velocity in two scaffold regions (1) and (2) using PTV (a) and CFD (b) methods. 
Table 1 Particle tracking results from the CFD simulations. Number of cells that sediment or escape the 
micro-channel at the outlet from the 300 cells injected under different flow rates. 
Flow rate [Pl/min] Nq of sedimented cells Nq of escaped cells 
20 300 0 
50 264 36 
90 166 131 
180 78 222 
 
